McCune-Albright syndrome (polyostotic fibrous dysplasia, cafe´-au-lait skin spots, and precocious puberty) is a genetically mosaic disorder with populations of mutant and normal cells in affected organs. Cushing syndrome, a rare feature of the condition, usually affects infants and is the result of corticotropin-independent primary bilateral adrenal disease, usually interpreted as nodular adrenocortical hyperplasia. In this study of 9 patients with Cushing syndrome and McCune-Albright syndrome, light microscopy revealed a characteristic bimorphic pattern of diffuse and nodular hyperplasia and a distinctive form of cortical atrophy with apparent zona glomerulosa hyperplasia in 8 patients, all very young. The pattern could be explained by the presence of a mosaic distribution of mutant and normal cells in the adrenal glands. The findings are different from those in inherited or other forms of genetically caused Cushing syndrome. The ninth patient, aged 17 years, had an adrenal adenoma and diffuse cortical hyperplasia in each adrenal gland.
I n 1910, Cushing encountered a 17-year-old female patient with painful adiposity, hypertension, and other symptoms. In 1930, he saw another patient, a 30-year-old man, with the same findings. Cushing searched the literature for other patients with these unusual findings and found 10. He reported the 12 cases in 1932 in a landmark paper entitled "The Basophil Adenomas of the Pituitary Body and Their Clinical Manifestations (Pitui-tary Basophilism)." 11 Today, we know that there are 2 distinct forms of the clinical conditions he described: one is pituitary dependent (Cushing disease) and the other is pituitary independent (Cushing syndrome). Cushing syndrome is almost always caused by excess secretion of cortisol either by a unilateral adrenal tumor (adenoma or carcinoma) or by 1 of several primary bilateral hyperplasias, some familial or syndrome related or both.
McCune-Albright syndrome is a rare, nonfamilial disorder reported almost simultaneously by McCune and Bruch, 24 and Albright et al 3 in 1937. Its principal features were osteitis fibrosa disseminata (later reclassified as polyostotic fibrous dysplasia), cafe´-au-lait skin spots, and precocious puberty in female patients. Additional types of endocrine overactivity occurred occasionally, including gigantism, hyperthyroidism, 15 and, infrequently, Cushing syndrome. 20 Some cases featured hypophosphatemic rickets, 2, 22 hepatic dysfunction, cardiomegaly, and sudden death. 33 Onset of the Cushing syndrome was usually in the first year of life and was very rarely congenital. 26, 31 There is considerable phenotypic variation in McCune-Albright syndrome. This led Happle 16 to suggest that clinical variability and the absence of familial involvement could be explained by the presence of genetically different populations of cells existing side by side in the same organ (cellular mosaicism). In 1991, Weinstein et al 35 discovered a constitutive activating mutation of the GNAS1 gene in adrenal nodules. Subsequently, the mutation was found in the pituitary, thyroid, testes, liver, and skin of affected patients. 33 The anatomic basis of the Cushing syndrome has been attributed variously to bilateral nodular hyperplasia, 18 bilateral "atypical" adenomas, 5 bilateral macronodular hyperplasia, 14 and bilateral hyperplasia. 21, 29 In rare cases, the cause of hypercortisolism was apparently in 1 adrenal gland because Cushing syndrome resolved after unilateral adrenalectomy. 14, 32 Exceptionally, Cushing syndrome resolved spontaneously. 13 In this study, we describe the adrenocortical histopathologic findings in 9 patients with McCune-Albright syndromeFassociated Cushing syndrome. Eight patients had bilateral diffuse and nodular cortical hyperplasia and multifocal cortical atrophy; the ninth patient had a cortical adenoma and diffuse cortical hyperplasia in each adrenal gland.
PATIENTS AND METHODS

Patients
Nine patients with McCune-Albright syndrome and Cushing syndrome comprised the study group. The cases of 7 patients were previously reported. 1, 5, 6, 14, 17, 36 Additional clinical information, pathologic material, and follow-up in 6 of these cases were generously supplied by reporting investigators, the patients' physicians, or the patients' families. The tenth patient, 23 a male infant with Cushing syndrome only, was included in the study because he had the same adrenal pathology as patients with McCune-Albright syndrome. He died suddenly at the age of 33 years; no explanation was found at autopsy.
Material for the study included (1) original pathology reports (6 cases), (2) hematoxylin and eosin-stained slides with 2 to 22 sections of the adrenal glands in the 4 patients who underwent bilateral adrenalectomy, 1 to 6 sections in 4 who had unilateral adrenalectomy, and 6 sections of the glands obtained at autopsy in 1 case (patient 6). One to 4 formalin-fixed, paraffin-embedded blocks were available in 3 cases. Seventeen sections of adrenal and 6 adrenal blocks were available in the tenth patient.
The following histochemical stains were obtained: hematoxylin and eosin, Masson trichrome, and reticulin. Immunostaining was performed with antibodies directed to the following: vimentin (Dual Env; PT link: 1/500 BRD; Dako; V9), synaptophysin (Ventana; CC1 mild; 1/50 BRD; Leica [Novocastro]; 27G12), inhibin-A (Advance; PT link; 1/60 BRD; AbD Serotec; R1), melan A (Advance; PT link; 1/500 BRD; Dako; A103), CD56 (Ventana; CC1 mild; 1/ 100 BRD; Dako; 123C3), and MIB1 (Ventana; CC1 mild; 1/100BRD; Dako; MIB-1). A polymer-based detection system was used.
For measuring the thickness of the cortex, the sections were viewed in an M20 macroscope (Wild Heerbrugg, Switzerland) equipped with a digital camera (ProgRes C3; Jenoptik, Jena, Germany). The images were digitized using image capture software (Prog Res; Jenoptik) and the thickness of cortex measured interactively with image analysis software (KS 400; Carl Zeiss, Inc, MicroImaging, Inc, Thornwood, NY).
Normal Infant Adrenal Glands
Adrenal glands, obtained at autopsy from 2 female infants, 1 and 3 months of age, who succumbed to sudden infant death syndrome, were studied as indicated above.
DNA Studies
DNA was extracted from frozen tissue or paraffin blocks in cases 1,2, and 10 as described previously. 18 The GNAS1 gene was sequenced as described by Shenker et al 33 and Weinstein et al. 35 Sequencing for the PRKAR1A gene was also obtained in selected cases as described by Kirschner et al. 18 
RESULTS
Patients
Demographic and clinical findings are presented in Table 1 . Clinical findings in 2 patients are illustrated in Figure 1 . Results of adrenal imaging and laboratory testing are shown in Table 2 . Treatment, initial pathologic diagnosis, follow-up, and GNAS1 status are summarized in Table 3 .
Pathology Gross
The findings are presented in Table 4 . With regard to the adrenal weights, a normal gland weighs about 4 gm at birth. Each gland loses up to 50% of its mass in the first month of life as a result of rapid involution of the fetal zone. Thereafter, the glands undergo further shrinkage, and weigh about 1 gm at 12 months of age. 27 The gross appearance of the glands in 2 cases is illustrated in Figure 2 .
Light Microscopy
Hyperplastic cortex and nodulesFThe cortex ranged from 0.7 to 2.1 mm, mean 0.95 mm, in thickness. It was initially composed of outer clear and inner acidophilic layers. Eventually, the one or the other cell type predominated, and the cortex was completely replaced by enlarged cells with finely granular acidophilic cytoplasm or cells with vacuolated cytoplasm (Fig. 3 ). Occasionally, there was a mixture of the 2 cell types. Some of these hyperplastic zones bulged laterally pushing aside and compressing the adjacent cortex. Their continued expansion resulted in development of nodules, some of which had a very thin incomplete fibrous capsule connected with the adrenal capsule. There was no lipochrome in the hyperplastic cortex or in the nodules. The hyperplastic cells did not extend into the medulla.
Atrophic CortexFThe atrophic cortex was often visible on scanning microscopic examination because of its (1) thinness (0.2 to 0.5 mm, mean 3.5 mm in 7 cases), (2) histologic appearance (distinct outer light and inner dark layers), and (3) very sharp border with the acidophilic or clear cell hyperplastic cortex (Fig. 3 ). The amount of atrophic cortex varied considerably from case to case: the longest stretch found was 20 mm in length, but it usually occupied no >10% of the total nonnodular cortex.
The subcapsular outer clear zone of the atrophic cortex was composed of columns of cells several cells wide with vacuolated cytoplasm and a central hyperchromatic nucleus without a recognizable nucleolus. This layer was sharply delineated from an underlying layer of slightly smaller cells arranged in rows perpendicular to the gland capsule. The nuclei were similar to or slightly smaller than those in the outer layer, and occupied almost the entire cell, except for a barely discernible rim of finely granular eosinophilic cytoplasm. Frequently, the nuclei were molded in a direction parallel to the gland capsule ( Fig. 4) .
The atrophic zones were (1) flanked by hyperplastic cortex without transition between them, (2) in hyperplastic cortex as wedges or narrow tongues with the bases of the wedges at the gland capsule and the tapering end point deep in the cortex, and (3) in the nodules as isolated streaks ( Fig. 3) .
Fetal CortexFDegenerating and viable fetal cortical remnants were found in 6 cases. The former featured vacuolar degeneration, ectatic vessels, and prominent hypocellular stroma that stained light blue with Masson trichrome. An oval area of cytomegaly (2 Â 0.8 mm) and irregularly shaped subcapsular microcysts containing stringy mucoid material ( Fig. 5 ) were present in 1 case (patient 1).
CapsuleFThe capsule of the gland was usually intact. Commonly, it contained rows and little clusters of small cortical cells that differed cytologically from the intraglandular larger acidophilic and clear cells ( Fig. 6 ). In some places, the capsule was deficient; this permitted cortical cells to extrude out of the gland into the periadrenal fat. Sometimes, the extraglandular protrusions formed demilunes with a thin, limiting capsule and base directly applied to the adrenal capsule. Larger extraadrenal cortical masses were often unencapsulated and in direct contact with retroperitoneal fat cells. In places, intraglandular nodules pushed the capsule outwards and adjacent extraglandular nodules pushed it inwards causing undulation of the capsule.
Adenoma (Case 4) Gross
The left adrenal gland was displaced by an irregularly shaped, yellow-gray mass composed of 2 lesions, 2 and 3.2 cm in diameter, respectively. The right-sided tumor measured 2 cm.
Light Microscopy
The findings in the 2 glands were generally similar ( Fig. 7) and will be described together. The left tumor was unencapsulated and in direct contact on a broad front with periadrenal fat; the right lesion was partially surrounded by a thin fibrous capsule. The lesions were composed of uniform, large eosinophilic, and clear cells; the former were arranged in sheets and the latter in clusters. The cells were regular, but there was a scattering of larger cells. Most nuclei lacked a nucleolus. Myeloid metaplasia was present focally and there was lipochrome in the cells.
The residual adrenal cortex, 1 to 1.3 mm thick, was composed of large acidophilic cells with lipochrome in the deepest cells. Smaller vacuolated cells formed a very narrow subcapsular band on the left side. There was also a focus of disorganized acidophilic and clear cells, the former having lipochrome.
On both sides, there was an extra-adrenal unencapsulated focus of enlarged acidophilic cortical cells in the periadrenal fat adjacent to but separate from the tumor masses and from the adrenal gland capsule. The lesions measured 0.9 mm and 1.5 mm in diameter.
Immunocytochemistry
The results are presented in Table 5 and are illustrated in Figure 8 . The hyperplastic cortex stained strongly with vimentin, synaptophysin, and inhibin, and less strongly with melan A. Staining was absent to minimal with CD56. The atrophic cortex stained strongly with CD56 and did not stain or stained minimally with synaptophysin, inhibin-A, and melan A. The gross, microscopic, and immunostaining findings in case 10 ( Fig. 9 ) were similar to those just described.
Normal Infant Adrenal Glands Gross and Light Microscopy
The cortex was thin, and yellow-tan in color. Gland weights were not available. The cortex had a mean thickness of 0.47 mm, based on 608 measurements. Beneath the capsule, there was a narrow band of aggregates of very small cells with finely acidophilic, minimally vacuolated cytoplasm and a high nuclear-tocytoplasmic ratio. Deep to these, the cortex lacked the distinct zonation present in the normal adult gland, although there was a subtle change from superficial to deep cortex (Fig. 10A ). Vacuolated weakly acidophilic cells formed columns that became more acidophilic and less vacuolated deeper in the cortex. Fetal cortical remnants were present. It connection with the foregoing, the cortical zonation present in adults is not fully developed until adrenarche, and the zona glomerulosa, discontinuous in adults, is continuous in infants and children. 28 Immunocytochemistry Vimentin: no staining. Synaptophysin: weak cytoplasmic and cytoplasmic globular body staining in upper and lower one thirds. Inhibin-A: strong fine granular staining in the deeper one half, patchy staining of middle cortex. Melan A: very strong coarsely granular staining of the subcapsular cell aggregates. CD56: membrane staining of the subcapsular cell aggregates (Fig. 10D) . Medullary pheochromocytes were also stained.
DISCUSSION
The Cushing syndrome in this study of patients with McCune-Albright syndrome had several unusual features: early age at onset, life-threatening severity, occasional spontaneous remission and remission after unilateral adrenalectomy, and very unusual adrenocortical histopathology.
The anatomic cause of the Cushing syndrome has generally been attributed to bilateral nodular adrenocortical hyperplasia. 7, 15 Our findings showed that in addition to nodular hyperplasia there were sharply defined zones of cortical atrophy that gave the cortex a bimorphic appearance. In 8 patients, the microscopic appearance was similar, a combination compact or clear cell hyperplasia with tinctorially similar nodules, and cortical atrophy. The ninth patient had adenoma(s) and diffuse compact cell hyperplasia in each adrenal gland. The findings in the tenth patient who did not have McCune-Albright syndrome will be discussed later.
In the 8 patients just mentioned, there was (1) hypertrophy and hyperplasia of compact or clear cells, occasionally a mixture of both, (2) formation of distinct or vague compact and clear cell nodules, some partially or completely surrounded by a very thin fibrous capsule, (3) small intracapsular cortical cell aggregates and larger spheroidal cell "masses" that intruded on the cortex proper and protruded into the periadrenal fat, and (4) an unusual histologic type of thin cortex.
Thickened hyperplastic cortex was juxtaposed to thin atrophic cortex without transition between them creating an unusual and characteristic appearance. The atrophic cortex was usually recognizable even at scanning microscopic examination because of its sharply separated outer light and inner dark layers, an appearance due to vacuolated cells in the former and to the basophilic nuclei in the latter. Sometimes, the amounts of the atrophic cortex were inconspicuously scattered in zones of hyperplasia and in the cortical nodules and could easily escape attention or be disregarded as inconsequential because of their minuteness.
Histologically, the atrophic zones were different from the type of extratumoral cortex seen in association with cortisol-secreting cortical adenomas in adult patients and in primary pigmented nodular adrenocortical disease. In the former, the thin cortex is composed of large vacuolated cells. 25 In the latter, it features small cells with weakly eosinophilic cytoplasm without distinct zonation. 34 The vacuolated cell zone in the cases we describe might correspond to that in the extratumoral cortex in association with cortisol-secreting adenomas, although the cells are much smaller. However, the accompanying apparent hyperplasia of the zona glomerulosa (see later) is unexplained. Urinary excretion of aldosterone was normal in 1 patient in the study (case 3). . Some of the cells in the smaller nodule (lower left) resemble those in the linear rows in the capsule. C, A roughly hemispherical mass of cortical cells with a very thin capsule is applied to the tip of a cortical ala in which the cortex is hyperplastic and lacks zonation. Fetal cortex is present at the center of the gland (F). D, A series of partially encapsulated nodules caused thickening of the cortex. The latter showed vague zonation, an outer clear zone with clear cytoplasm, and an inner acidophilic one with acidophilic cytoplasm (bottom half). The thickening of the cortex is increased by a series of partially encapsulated nodules (upper half). One nodule (arrow) is close to but separate from the adrenal gland. There is no infiltration of periadrenal fat. The prominence of cortical cells in the adrenal capsule and on its external surface was an exaggeration of normal findings 8 Fbut the intracapsular adrenal cells were different cytologically from those within the gland. Thus, they did not obviously appear to be an extension of them into the capsule. The manner in which some nodules acquired a capsule was not evident. Possibly, some nodules originated intracapsularly and acquired a capsule in this way.
The immunostaining results provided good distinction between cortical hyperplasia and the nodules, on one hand, and cortical atrophy, on the other. The former stained with vimentin, synaptophysin, inhibin-A, and melan A, and not with CD56. The atrophic zones stained consistently with CD56 and not with the other markers. CD56, a surface binding glycoprotein, is expressed in normal zona glomerulosa cells and in aldosteromas. 10 The CD56 findings revealed an apparent hyperplasia of the zona glomerulosa that paradoxically occurred in zones of cortical atrophy.
The study provided other unexpected findings, first, MIB1-stained nuclei in the atrophic cortex, second, cytomegaly and cortical superficial microcysts in 1 patient (case 2) and, third, age-dependent pathologic findings (hyperplasia in the young and adenoma in the late second decade). The cytomegaly and superficial cortical microcysts, findings typical of Beckwith-Wiedemann syndrome, 4 are unexplained. We have also observed both lesions in a premature infant (27- week gestation), without stigmata of McCune-Albright syndrome who died 3 days after birth following repair of a patent ductus arteriosus. Her monozygotic twin was normal. The apparent age-dependent pathologic findings are unexplained. It did not seem that the hyperplasia and atrophy seen in infancy could over time evolve into the bilateral adenomas found in case 4 (the patient had cafe´-au-lait spots since birth).
Other observations were also intriguingFthe juxtaposition of the hyperplastic and atrophic zones of cortex and the apparent involvement of only 1 gland in some cases. The explanation for both may lie in the mechanism proposed by Happle 16 in 1986 to explain the distribution of lesions within an organ or organ system. Happle 16 suggested that the McCune-Albright syndrome could be the result of an autosomal-dominant lethal gene that was compatible with viability of the fetus when it occurred in the mosaic state, having arisen by somatic mutation. In support of this suggestion is a finding that, among monozygotic twins, 1 of whom had McCune-Albright syndrome, the second did not. 12, 30 The bimorphic cortex we report is likely explained by the presence of 2 types of adrenocortical cells; one genetically altered and hyperplastic and nodular, and the other putatively normal but morphologically atrophic because of lack of corticotropin stimulation.
Patient 10 in our study did not have McCune-Albright syndrome, clinically or molecularly, but he had Cushing syndrome and the same bimorphic adrenal pathology as in 8 patients who did have the syndrome. The bimorphic adrenal findings we report, thus, are not restricted to the McCune-Albright syndrome, and suggest the existence on another mosaic type disorder. In this connection, it will be recalled that mutations of different genes may result in the same pathologic phenotype, as with primary pigmented nodular adrenocortical disease. 9, 19 In summary, we have described the clinical, imaging, laboratory, and adrenal pathologic findings in 9 patients with McCune-Albright syndrome and Cushing syndrome. One patient had cortical adenoma(s). The remaining 8 had similar pathology, diffuse, and nodular cortical hyperplasia, and multifocal cortical atrophy, constituting a bimorphic cortical pathology. These findings also occurred in a tenth patient, an infant apparently with sporadic Cushing syndrome. As this Cushing syndrome occurred in early infancy and was caused by a bilateral adrenal disorder, it is likely that the syndrome was ultimately the result of a yet undiscovered genetic mutation.
